development. Androgens also are critical during adult life to maintain normal reproductive function. The role of androgens during developmental and adult periods of life are often separated into organizational or activational effects. Early androgen exposure permanently organizes the nervous system in a malelike manner. After this early organization, androgens more readily activate male-typical, sexually dimorphic behaviors during puberty and adulthood. In addition to their role in the reproductive system, androgens also play critical roles in the development and maintenance of bone, brain, muscle, skin, and hair.
Similarities and differences in the androgen receptor among vertebrates
Assessment of the validity of cross-species extrapolation of the effects of natural androgens or synthetic chemicals on androgen signaling assumes that ARs of different species respond equivalently. Direct effects of these types of chemicals on fish and wildlife are of ecological concern, but these species may also be viewed as "sentinel species"-species whose presence or absence indicates chemicals or situations of potential consequence to other species, including humans.
Assessing the impact of natural hormones and synthetic chemicals on fish and wildlife has been facilitated by molecular cloning and gene synthesis. Generations of complementary DNA (cDNA) libraries from specific tissues can effectively clone and immortalize the genes of a species, frequently using only one animal or surgical specimen. Additionally, databases of gene sequences derived from analysis of overlapping gene fragments provide information for the synthesis and expression of an entire gene without requiring the use of additional animals or tissues. These receptors can then be subjected to binding assays using similar protocols to determine whether all chemicals affect steroid hormone receptors equally across species (Wilson et al. 2004a ). In addition, transcriptional activation assays, which use these receptors and receptor-specific reporters in homologous cell lines, have been developed for many vertebrate species.
Articles
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Ancient history to about 6000 years ago. Neolithic farmers in Asia Minor discover that castration of animals improves their domestication. At some point in time, effects of castration on humans are understood.
1600-1760.
Castrated male sopranos and altos comprised about 70 percent of all operatic singers. The last performance of an operatic castrato was in 1825.
1767.
John Hunter performed deliberate testicular transplantation in 1767, transferring the testis of a cock into the abdominal cavity of a hen.
1849.
In one of the first endocrine experiments ever recorded, Arnold Berthold found that a rooster's comb is an androgen-dependent structure. Following castration, the comb atrophies, aggressive male behavior disappears, and interest in the hens is lost. These changes could be reversed with administration of testicular extract.
1889. Brown-Sequard gave birth to the field of organotherapy in 1889 when he announced that his autoinjection of dog and guinea pig testicular extracts resulted in rejuvenated physical and mental abilities.
1918. Steinach and Niehans expanded this work with "rejuvenation" treatments involving vasoligation, tissue grafts, and cellular injections. Extracts from animal testes, adrenal and pituitary glands, as well as nonendocrine tissues such as spinal cord, spleen, and liver, were used to treat aging and a range of diseases.
Despite the high degree of homology in the ligand-binding domain of the AR of vertebrate species, subtle differences exist in some of the key amino acids in the binding pocket of the binding domain (figures 2, 3; Wilson et al. 2004a Wilson et al. , 2007 . This raises the possibility that there may be chemicals that bind the AR of some species but not of others. For example, we are examining AR from the fathead minnow (Pimephales promelas), the rainbow trout (Oncorhynchus mykiss), the chimpanzee (Pan troglodytes; Hartig et al. 2007) , and humans. In one study, we compared the competitive binding of a set of compounds with full-length recombinant rainbow trout AR alpha, fathead minnow AR, and human AR, each expressed in COS in origin, carrying the SV40 genetic material) cells from the kidney of the African green monkey. Compounds, including endogenous and synthetic steroids, known mammalian antiandrogens, and environmental compounds, were tested for competitive binding to each of the three receptors. In spite of the differences in amino acid sequence within the pockets of the ligand-binding domain of these receptors, there was strong agreement across receptors as to binding versus nonbinding for all compounds tested in this study (figure 4; Wilson et al. 2007) .
Although in our laboratory there is agreement in binding across species, in more primitive jawless fish, such as the sea lamprey, the AR appears to be quite different from that of jawed fishes and other vertebrates. The AR in the sea lamprey is almost twice as large as the salmon AR, for example, and has a higher affinity for androstenedione than testosterone (Bryan et al. 2008 ).
Variation in sexual traits among vertebrates and the role of androgens
The role of androgens during the development and adult life of vertebrates is widely appreciated, and this hormonal pathway is highly conserved among all vertebrates, from fish to man (see figure 3) . Overall, androgens play a critical role in producing species diversity in reproductive, behavioral, and social strategies among vertebrates. Invertebrates also produce steroids, including androgens, but since they lack functional ARs, there does not appear to be an androgen-signaling pathway in these animals (Sternberg et al. 2008) . Presented below are a few examples showing how these hormones affect sexually dimorphic traits in different vertebrate and invertebrate species (including an unusual mammal, the spotted hyena, as well as amphibians, reptiles, fish, birds, and an invertebrate gastropod, the mud snail).
Mammalian androgens: An unconventional example. Although testicular androgens play a critical role in development and maintenance of the masculine phenotype in most species, unconventional examples of sex differentiation or even sex reversal exist in some species. One such extreme example of the role of andro gens in the development of masculine pheno types can be found in the spotted hyena (Crocuta crocuta). This species is an unusual example in which the female lacks an external vaginal opening, and has a pseudo scrotum that closely resembles that of males and a pseudopenis that even has erectile capabilities. Mating and birth take place through a urogenital canal with an exit at the tip of a hypertrophied clitoris. In this species the females, not the males, are at the top of the social hierarchy, and dominant female hyenas elicit sub missive behaviors from males. The masculinization of the hyenas appears to result only in part from high levels of andro stenedione in the pregnant females, which is then converted to testosterone by the placenta. Other genomic and endocrine factors also are believed to play a role in the masculine development of the females in utero, whereas testicular secretions are required for normal male sexual differentiation (Glickman et al. 2006) . In addition, during late gestation, fetal ovaries and testes synthesize androgens, possibly organizing the neural substrates of the aggressive behaviors that are displayed at high levels by both sexes of newborn spotted hyenas.
Androgens in birds.
In this class of animals, it is the male rather than the female that is the homo gametic sex (ZZ), which is the default sex in terms of breeding behavior. In Japanese quail (Coturnix japonica), for example, ovarian estrogens demasculinize the brain and behavior, and in ovo estrogen treatments demasculinize sexual behaviors in the adult offspring (Adkins-Regan et al. 1982) . However, androgens are important for the activation of birdsong in many species in which the absence of androgens results in the absence of song production by the male. In passeriform species, specific regions in the brain have been linked to the sexually dimorphic display of birdsong (Ball et al. 2002) . These regions are generally larger in the males than in the females and vary seasonally, with the greatest size attained during the breeding season (Ball et al. 2002) . The role of steroids, both estrogens and androgens, has been studied extensively in the seasonal plasticity of these regions. It appears that sexual dimorphism is organized not by androgens, but by developmental exposure to estrogens. In comparison, activation of birdsong in adults is dependent, at least in part, on androgens. However, genetic factors potentially play a critical role in this process, as exposure of female zebra finches (Taeniopygia guttata) to testicular hormones does not induce masculine development of birdsong (Wade and Arnold 1996) .
Androgens in reptiles and amphibians. Reptiles and amphibians display significant sexual dimorphisms due to both organizational and activational components of androgen actions. The behavioral endocrinology of several species of reptiles and amphibians has been well established (Godwin and Crews 1997) .
One of the best examples of an androgen-mediated sex difference in amphibians is their vocalizations, such as advertisement and release calls. Androgens cause developmental changes in laryngeal tissues in amphibians, which lead to changes in the properties of the calls in male amphibians such as anurans. Research has suggested that androgens serve to enhance reproductive behaviors, such as clasping, but the exact role of this hormone has yet to be established (Moore FL et al. 2005) . Castration and exogenous androgen replacement studies have suggested that androgens are necessary but not sufficient for such male behaviors. More likely, it is the interaction of androgens with hormones such as prolactin and neuropeptides such as arginine vasotocin that are fully responsible for the sex differences in these behaviors (Moore FL et al. 2005) .
In reptiles, one example of a sex characteristic that is organized by androgens is color of the dewlap in tree lizards (Urosaurus ornatus). This species displays different colors of dewlaps (the skin flap found on the throats of certain lizard species), which are related to the behavior of the adult lizard. Those with an orange dewlap and a blue spot are more territorial than those with a solid orange dewlap (Moore MC et al. 1998) . Importantly, this phenotypic difference is organized by exposure to testosterone and progesterone during the posthatching period. Exposure to higher concentrations of testosterone and progesterone during development results in the organization of the territorial male phenotype.
Androgens in fish.
The reproductive strategies of fish, the largest class of vertebrates, are incredibly diverse. Phylogenetically, ARs first appeared in the jawless fish; however, as noted above, the agnathan ARs differ from those of other fish in that they have a higher affinity for androstenedione (Bryan et al. 2007 ). Consistent with this fact, in lampreys (Petromyzon marinus), stimulation of androgen production by gonadotropin-releasing hormone (GnRH) injection results in increased levels of androstenedione, but not testosterone, in the plasma. Further, implantation of male lampreys with andro stenedione accelerates the development of the testis and a secondary male characteristic. Some bony fishes, for example, the Atlantic croaker (Micropogonias undulatus), have two different nuclear ARs displaying markedly different steroid-binding specificities (Sperry and Thomas 1999) . In contrast, mammals and most other vertebrate classes have a single AR. The two ARs in teleosts, which have been reported in several different species, arose from genome duplication (Sone et al. 2005) . The life cycle of some fish species includes a hermaphroditic breeding strategy. Certain species begin life as females and then change sex, becoming males. One such example of this protogynous type of fish is the stoplight parrotfish (Sparisoma viride). Females of this species have a distinct initial coloration that changes as the fish become terminal males. The primary androgen involved in this process is 11-ketotestosterone. Females have undetectable concentrations of 11-ketotestosterone and only moderate concentrations of testosterone. Terminal phase males, however, have high concentrations of 11-ketotestosterone and testosterone (Cardwell and Liley 1991) . The specific role of 11-ketotestosterone in this sexchange process was confirmed by injecting females with 11-ketotestosterone. These androgen-treated females underwent a precocious sex change and color change as adults (Cardwell and Liley 1991) . Interestingly, certain males, termed "sneakers," do not change color from the female to male pattern. These males remain with the female coloration in order to enhance their ability to attain sneaker matings. In these males, 11-keto testosterone concentrations remain low and more similar to that of females.
Androgens and retinoids in invertebrates. While the role of androgens in sex differentiation is well documented for vertebrates, a role for androgens and other hormones detected in certain species of invertebrates is less certain. Although androgens have been detected in various species of invertebrates, identification of ligand-activated steroid receptors in these species has been more difficult. The ancestral steroid receptor was, in fact, an estrogen receptor that arose before the branching of protostomes and deuterostomes. Other steroid receptors (AR, progesterone receptors, etc.) arose at a later time (Thornton 2001) . To date, much of the work on steroids in invertebrates has focused on estrogen and on the identification of estrogen-related receptors or estrogenresponse elements. However, androgens have been detected in deuterostome groups such as Arcania and Echinodermata (reviewed in Köhler et al. 2007) , and it has been reported that some species of echinoderms and a species of crustaceans (Hyalella azteca) have binding sites for androgens. However, the physiological role of these binding sites has yet to be discerned.
Recently, Nishikawa and colleagues (2004) demonstrated that organotins bind the human retinoid X receptors (hRXRs) with high affinity, and that injection of 9-cis retinoic acid (the natural ligand of hRXRs) into females of the rock shell (Thais clavigera) induces the development of male sex characteristics (imposex). These results indicate that the organotin tributyltin acts as an RXR ligand rather than as an androgen, and that RXR signaling plays an important role in inducing the development of imposex in female gastropods. 
Androgens and mammalian sexual differentiation
During early mammalian development there is a short period immediately before sexual differentiation when the gonad is sexually indifferent. In humans, it is not until the seventh week of gestation that male and female morphological characteristics begin to develop. The early events of gonadal differentiation are independent of hormonal influences. After the testicular cords form and fetal Leydig cells differentiate from loosely packed, undifferentiated mesenchymal cells, the Leydig cells produce testosterone, which induces masculine differentiation of the Wolffian duct and external genitalia. In the rodent and human species, fetal testicular androgen production is necessary for differentiation of the Wolffian ducts into the epididymis and the vas deferens and seminal vesicles.
In the human, development of the external genitalia is similar in the two sexes until the ninth week of gestation, and is not fully differentiated until the twelfth week. Fetal testicular androgens are responsible for the induction of masculinization of the indifferent external genitalia and testicular descent, along with insulinlike peptide 3 (Klonisch et al. 2004 ). The testis remains caudally positioned during the tenth to fifteenth week until entry into the inguinal canal and transabdominal descent. Testicular descent through the inguinal canal begins in the twenty-eighth week, and the testes enter the scrotum by the thirty-second week. Congenital dis orders of the human AR or testosterone synthesis result in a variety of stages of pseudohermaphroditism (ambiguous external genitalia) and undescended testes.
Androgens during neonatal life in mammals
In the first postnatal months of human life, activation of the hypothalamic-pituitary-testicular axis results in the wellcharacterized surge of reproductive hormones. Raivio and colleagues (2003) reported that in three-month-old boys, serum androgen levels were highly correlated with localization of the testes. All boys with detectable androgen bioactivity had testes located in the scrotal or high scrotal positions, whereas all boys with at least one suprascrotal, inguinal, or nonpalpable testis had no measurable androgen bioactivity in serum, suggesting that three-month-old boys are exposed to androgens during the postnatal activation of the hypothalamic-pituitarytesticular axis, and that this activity is reduced in boys with at least one testis located superior to the scrotum. In addition to humans, several other mammalian species are known to display a neonatal surge in testosterone. In the rat, an abrupt discharge of testicular testosterone in the newborn male figures prominently in the development of mechanisms controlling gonadotropin secretion and sexual behavior, and also promotes the functional differentiation of the accessory sex glands. Comparative data document a similar surgelike appearance of testosterone in neonatal male mice and in recently foaled male horses, suggesting that this surge may be of special significance in the sexual differentiation of many mammalian species.
In many mammals, including humans and rats, males engage in more rough-and-tumble aggressive play than do females. The sex difference in this trait is known to be dependent upon androgens during neonatal (rat) or prenatal (human) life. In humans, congenital adrenal hyperplasia daughters, exposed to high levels of adrenal androgens in utero, display malelike play (Hines and Kaufman 1994) .
Pubertal development
Puberty is the stage of life when an individual develops from a child through adolescence to full maturity. In the male, the process is marked by development of androgen-dependent sexual characteristics, somatic growth, and sexual and social behaviors eventually resulting in full sexual maturity and reproductive capacity. The progression of puberty in boys is determined using approaches such as the Tanner stages (Marshall and Tanner 1969) for gonadal and pubic hair development or increasing levels of androgens in the serum to determine the onset of puberty in boys.
Puberty is initiated by activation of the hypothalamicpituitary-gonadal and hypothalamic-pituitary-adrenal axes. At the onset, the hypothalamus releases GnRH pulses with increasing frequency and amplitude, which induces complementary pulsatile secretions of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from the anterior pituitary. In turn, LH and FSH stimulate the gonads, inducing gonadarche, which is characterized by the onset of gonadal hormone production. In the male, LH stimulates testicular synthesis and secretion of androgens and insulinlike 3-peptide hormone from the Leydig cells of males. In the many species of laboratory rodents, the standard landmark of puberty in the male is the age of preputial separation, an androgenmediated event. In humans, adrenache, the maturation of adrenal endocrine function, occurs early in pubertal development, resulting in acne, the growth of pubic hair, and other secondary sex traits. These physical changes result from increasing adrenal synthesis and secretion of steroids with weak androgenic activities, including dehydroepiandrosterone, dehydroepiandrosterone sulfate, and androstenedione.
Sexual maturity
During adult life, testicular androgens are required for the maintenance of reproductive function as well as many other androgen-dependent sexually dimorphic traits. This includes sperm production, sex accessory gland secretion, muscle mass and strength, and behavior. Males displaying castrate levels of androgens because of congenital failure of the hypothalamic-pituitary function require supplements of exogenous androgen. In addition to the reproductive system, androgens affect many other biological systems, such as the nervous, immune, and cardiovascular systems. However, in this review we focus primarily on the role of androgen signaling (and disruption thereof) in reproduction.
Environmental androgens and antiandrogens
Some synthetic chemicals display antiandrogenic or androgenic activity both in vitro and in vivo. Several classes of toxicants disrupt reproductive development or adult reproductive function in males by inhibiting androgen synthesis in the testis, and some toxicants are promiscuous and interact with the endocrine system through multiple mechanisms of action. In addition, a potential role of endocrine disruptors has been examined for changes in sperm count, increased rates of testicular cancer (Sharpe 2001) , changes in rate of sexual maturation, and the sex ratio of certain populations (Rogan and Ragan 2007) . However, these changes have not been directly linked to exposure, and the true cause of these alterations remains to be determined. Finally, certain endocrinedisrupting chemicals have been the topic of speculation and controversy. One such controversial example is the potential for the pesticide atrazine to cause demasculinization through an induction in aromatase activity (Hayes et al. 2003 , but see Hecker et al. 2005 ).
Adverse reproductive effects of androgenic pharmaceuticals in humans
Therapeutic exposures to endocrine-disrupting chemicals have produced adverse effects in humans. In humans, the andro genic drugs danazol and methyltestosterone (both AR agonists) and aminoglutethimide (a drug that inhibits aroma tase directly, blocking the conversion of testosterone to estradiol, presumably allowing a build-up of testosterone) have been shown to cause pseudohermaphroditism in girls. In utero exposure to the androgenic drug danazol also is contraindicated during pregnancy. Brunskill (1992) reported that of 94 completed pregnancies in which the fetus was exposed to danazol, 37 resulted in the birth of normal males, 34 in nonvirilized females, and 23 in virilized females. Virilization occurred in a proportion of female fetuses with a pattern of clitoromegaly, fused labia, and urogenital sinus formation. This abnormality has not been reported where danazol therapy had been discontinued before the eighth week of pregnancy. Similar effects have been reported for other androgenic drugs (Grumbach and Ducharme 1960) . The anticonvulsant drug aminoglutethimide, which inhibits aromatase and the production of estrogens from androgens, has also been associated with pseudohermaphroditism in daughters exposed in utero (LeMaire et al. 1972 ).
Environmental androgens
It was noted in the 1970s that female fish of several species living in rivers contaminated with pulp mill effluent (PME) displayed masculinized sexual traits (figure 5; Denton et al. 1985) . In 2001, it was determined that PME displayed androgenic activity in in vitro cell-based and receptor-binding assays (Parks et al. 2001) . Since then, androgenic activity has been detected in PME from other rivers in Florida and in New Zealand and from the Baltic Sea and the Great Lakes (Parks et al. 2001 , Larsson and Förlin 2002 , Ellis et al. 2003 . PME from sites on the Fenholloway River in Florida include a chemical mixture that binds AR and induces androgendependent gene expression in vitro (Parks et al. 2001) . This is consistent with the observation of masculinized female mosquitofish (Gambusia holbrooki) collected from contaminated sites on the river (Orlando et al. 2007) . Although andro genic chemicals have been isolated from PME, efforts to date have not conclusively identified the chemicals in PME responsible for masculinization of the female fish (Durhan et al. 2002) .
Another study reported male-biased sex ratios of fish embryos in broods of eelpout (Zoarces viviparus) in the vicinity of a large kraft pulp mill on the Swedish Baltic Coast, suggesting that masculinizing compounds in the effluent were affecting gonadal differentiation and promoting skewed sex ratios (Larsson and Förlin 2002) .
Effluents from concentrated animal feeding operations (CAFO) for beef cattle in Nebraska and Ohio have also been shown to display androgenic activity. Orlando and colleagues (2004) found that water associated with a CAFO in Nebraska exhibited androgenic activity, and that fathead minnows collected at the site displayed smaller gonads and morphological differences compared with fish from a reference site. Durhan and colleagues (2006) found that samples from a beef cattle feedlot discharge in Ohio displayed significant androgenic activity in vitro and contained detectable concentrations of the synthetic androgen agonists 17α-and 17ß-trenbolone.
Complementary laboratory studies revealed that both trenbolone isomers are highly androgenic in the fathead minnow ( figure 6 ; Ankley et al. 2003 ) and the rat (figure 7; ). For example, in utero administration of 17ß-trenbolone to dams resulted in masculinized female rat offspring (figure 7), increased anogenital distance (AGD), and vaginal agenesis, and it induced male sex accessory tissues in females. In mice (Hotchkiss and Nelson 2007) , as in rats, exposure to 17ß-trenbolone in adult life stimulates growth of the androgen-dependent tissues and treated mice were immunosuppressed, displaying an attenuated delayedtype hypersensitivity response. In another example of an environmental chemical affecting androgen signaling, Owens and colleagues (2006) demonstrated that diesel fuel exhaust extracts elicited androgenic response at high concentrations, with antiandrogenic effects at low concentrations. One of the (anti)androgenic chemicals in the mixture, 4-hydroxybiphenyl, displayed moderately high affinity to the human AR (EC50 [effective concentration at which the chemical binds 50% of the AR in vitro] = 370 nanomoles).
A recent example of a chemical that affects androgen signaling is triclocarban (TCC). TCC, an antimicrobial additive used in personal-care products, is a contaminant of US water resources. TCC is ranked among the top 10 organic pollutants in occurrence rate and in the top 20 in maximum concentration. Chen and colleagues (2008) found that TCC enhanced the action of testosterone in vitro and in vivo, and suggested that TCC may represent a new class of endocrinedisrupting chemicals.
Environmental antiandrogens
Several environmental chemicals adversely affect male development by interfering with androgen signaling during the critical periods of sexual differentiation and maturation. Over the last 15 years, this area of research has characterized the effects of several antiandrogens and identified relevant and diverse mechanisms of action pertinent to human health-risk assessment. Since the androgen signaling pathway is highly conserved among vertebrates, alterations of these processes are of concern in all vertebrates, including humans.
The examples included here are AR antagonists that have been studied in both mammals and fish. The discussion also includes an overview of the effects of individual phthalates on fetal testosterone production and reproductive development and the reproductive effects of phthalate mixtures with other phthalates and with pesticides following in utero administration in rodents. We also discuss the effects of one phthalate on amphibian gonadal differentiation.
AR antagonists: Studies with rats. Mechanistic work has identified some antiandrogenic chemicals to be AR antagonists-for example, the DDT metabolite p,p' DDE (Kelce et al. 1995) ; the fungicides vinclozolin , Kelce et al. 1997 , procymidone , and prochloraz (Noriega et al. 2005) ; the herbicide linuron (Lambright et al. 2000 , McIntyre et al. 2000 ; and polybrominated diphenyl ether flame retardants (Stoker et al. 2005) . Of the dicarboximide fungicides, vinclozolin ) and procymidone ) are AR antagonists. These pesticides, or their metabolites, competitively inhibit the binding of androgens to AR, which leads to an inhibition of androgen-dependent gene expression in vitro and in vivo (Kelce et al. 1997) . Peripubertal administration of antiandrogens can alter the onset of pubertal landmarks in the male rat (Monosson et al. 1999 ) and increase serum LH, testosterone, and 5-androstane-3,17-diol. In an assay using castrated immature testosterone-treated male rats, vinclozolin and procymidone alone or in combination inhibited testosteroneinduced growth of androgen-dependent tissues (ventral prostate, seminal vesicles, and levator anibulbo cavernosus muscles) in a dose-additive fashion . Administration of vinclozolin during sexual differentiation demasculinizes and feminizes male rat offspring such that treated males display femalelike AGD at birth, retained nipples, hypospadias, suprainguinal ectopic testes (figure 8), a blind vaginal pouch, and small to absent sex accessory glands . Epididymal hypoplasia was rare, and no cases of gubernacular agenesis were noted. In addition, Hotchkiss and colleagues (2003) demonstrated that neo natal injection of AR antagonist vinclozolin or flutamide demasculinized aggressive play behavior in male rats at 35 days of age, whereas neonatal androgen treatments masculinize female rat play behavior, indicating that central nervous system sexual differentiation was altered in an antiandrogenic manner in males and in an androgenic manner in females.
The effects of flutamide on sexual differentiation of the male rat have been well characterized. Flutamide is an antiandrogenic drug used primarily to treat prostate cancer. Studies of flutamide reveal a profile of effects very similar to that seen with vinclozolin and procymidone in the male rat, but flutamide was about 100-fold more potent than either of the fungicides (McIntyre et al. 2001) . Male offspring, exposed in utero from gestation days 12 to 21, displayed alterations of every androgen-mediated end point assessed, including AGD, femalelike nipple retention, cryptorchidism, partial or complete prostate agenesis, as well as decreased weight of the seminal vesicles, levator anibulbocavernosus muscle, testes, and epididymis. Epididymal malformations (e.g., hypoplasia or agenesis) were observed mainly in the groups with higher flutamide doses.
Studies with the fathead minnow. The effects of vinclozolin and flutamide have been studied in the fathead minnow using a variety of approaches, including competitive receptor binding assays, a 21-day reproduction test , and shorter-term coexposure tests with the androgen 17ß-trenbolone , Martinović et al. 2008 , Wilson et al. 2004a ). Fecundity of vinclozolin-exposed fish was decreased in a concentration-dependent manner, culminating in complete reproductive failure at higher pesticide concentrations. Exposure to vinclozolin also decreased expression of male secondary sexual characteristics-an effect typical of anti androgens. Females exposed to 17ß-trenbolone displayed prominent, malelike dorsal nuptial tubercles, which were blocked with vinclozolin, providing evidence of the antiandrogenic activity of vinclozolin in vivo.
Binding assays with whole cells transiently transfected with cloned fathead minnow AR indicate that flutamide ) is not more potent than vinclozolin in suppressing the fecundity of treated males paired with treated females (Martinović et al. 2008) , which differs from mammals. As was true for vinclozolin, mixture experiments with flutamide and trenbolone demonstrated that the anti androgen effectively blocked trenbolone-induced masculinization (nuptial tubercle production) of female fathead minnows, indicating antagonism of an AR receptor-mediated response in vivo.
Androgen synthesis inhibitor: Developmental studies of phthalates in mammals
Several phthalate esters are used in plastics, personal-care products, medical tubing, and children's toys. These chemicals are antiandrogens, which gives cause for concern since exposure to these compounds is widespread (Silva et al. 2004) . Malformations of male rat reproductive organs occur after in utero exposure to some phthalates (e.g., dibutyl phthalate, butyl benzyl phthalate, diethylhexyl phthalate [DEHP], diisononyl phthalate) as a result of, in part, reduced fetal rat testosterone levels (Wilson et al. 2004b ). In addition, phthalate exposure also reduces insl-3 gene expression (Wilson et al. 2004b ), a peptide hormone that is necessary for in utero transabdominal testis descent (Klonisch et al. 2004) .
The reproductive system is also sensitive to phthalate exposure during the neonatal and peripubertal stages of life. Rats treated with DEHP orally or by injection as neonates display permanent alterations, including lesions of the testis and reduced sperm numbers (Cammack et al. 2003) . When administered during peripubertal life, di-n phthalate esters with side chains of three to six carbons (Foster et al. 1981 ) disrupt testis structure and function, reduce testosterone production, delay pubertal onset, and reduce androgen-dependent organ weights in male rats ) These effects are not limited to murid and cricetid rodents like the rat (Rattus norvegicus) and hamster (Mesocricetus auratus), re- spectively, but also have been seen in several other mammalian species, including the guinea pig (Cavia porcellus) (Gray TJ et al. 1982) , ferret (Mustela putorius) (Lake et al. 1976) , and rabbit (Higuchi et al. 2003) . Sjoberg and colleagues (1986) found an age-related sensitivity in response, with the adults more resistant to testicular damage than pubertal animals. When administered in the diet for 14 days, DEHP reduced testis weight in 25-day-old males, whereas no testicular effects were noted in 60-day-old animals (Sjoberg et al. 1986 ).
Nonhuman primates. When newborn (day 2-7) marmosets (Callithrix jacchus) were dosed once with 500 milligrams per kilogram (mg/kg) monobutyl phthalate (MBP), blood testosterone levels were significantly reduced five hours later. Similar treatment of newborn male marmosets for 14 days resulted in increased Leydig cell volume per testis. These results are consistent with MBP-induced inhibition of steroidogenesis followed by compensatory Leydig cell hyperplasia/ hypertrophy (Hallmark et al. 2007) . Peripubertal exposure to DEHP (treated daily with 0, 100, 500, or 2500 mg/kg DEHP by oral gavage for 65 weeks, from weaning at three months of age to sexual maturity at 18 months) also reduced serum levels of testosterone metabolites in male marmosets; however, this effect was not statistically significant because of high variability, even though testosterone levels were below the limit of detection in the high-dose group. In treated females, ovarian and uterine weights were increased and estradiol level elevated. These alterations were associated with the presence of large corpora lutea in the ovary (Tomonari et al. 2006 ).
Humans. Recently, the observation that phthalate exposures were associated with reduced neonatal AGD was extended from studies with rats to humans (Swan et al. 2005) . Swan and colleagues (2005) examined AGI (anogenital index, the weightadjusted AGD) and other genital measurements in relation to prenatal phthalate exposure in 134 boys 2 to 36 months of age, and found that the mother's urinary concentrations of four phthalate metabolites were inversely related to AGI. Their data support the hypothesis that prenatal phthalate exposure at environmental levels can adversely affect male reproductive development in humans in a manner similar to that seen in rodent studies. It would be important to determine if the reductions in anogenital indices in phthalate-exposed boys are associated with any latent reproductive lesions later in life, as observed in exposed male rat offspring.
Phthalate studies in amphibians. The antiandrogen dibutyl phthalate (DBP) not only affects differentiation of the developing mammalian testis but also has been shown to disrupt testis development in two anuran species (Lee and Veeramachaneni 2005, Ohtani et al. 2000) . The African clawed frog (Xenopus laevis) was exposed to DBP at 0 to 10 parts per million, beginning at sexual differentiation and continuing until all of the controls metamorphosed (Lee and Veeramachaneni 2005) . At 33 weeks, 4% to 6% of DBP-treated frogs had only one testis, and 2% to 4% had retained oviducts. In all DBP treatment groups, seminiferous tubule diameter and the average number of germ cell nests per tubule were lower, and the number of tubules with no germ cells was significantly higher (p < 0.05). Several other lesions occurred in DBPexposed testes, including denudation of germ cells, vacuolization of Sertoli cell cytoplasm, thickening of lamina propria of seminiferous tubules, and focal lymphocytic infiltration.
Another amphibian study examined male tadpoles (Rana rugosa) exposed to DBP. When male tadpoles were exposed to dilute solutions of DBP during days 19-23 after fertilization, which is the critical period of gonadal sex differentiation in this species, treated tadpoles displayed undifferentiated gonads (Ohtani et al. 2000) .
Prochloraz studies with rats. Some chemicals produce demasculinizing effects through inhibition of testicular testosterone production. The fungicide prochloraz not only is an AR antagonist but also acts as a potent steroid synthesis inhibitor (Wilson et al. 2004b , Noriega et al. 2005 , Blystone et al. 2007 . In utero, prochloraz induces malformations in male offspring (reduced AGD, femalelike areolas, hypospadias, and vaginal pouches) and delays parturition, whereas peripubertal exposure delays the onset of puberty. Wilson and colleagues (2004b) found that prenatal prochloraz reduces rat fetal testis testosterone production and increases progesterone production tenfold. Treated male offspring displayed reduced AGD and femalelike nipples, and males in the two high dose groups displayed hypospadias; however, few epididymal malformations were noted. The profile of effects closely resembles that of an AR antagonist, such as vinclozolin, rather than an inhibitor of fetal testosterone synthesis, such as a phthalate.
Prochloraz studies with the fathead minnow. In vitro and in vivo studies of prochloraz in the fathead minnow found that, as in the rat, this fungicide displays multiple modes of endocrine activity (Ankley et al. 2005) . Prochloraz inhibited in vitro CYP19 aromatase activity in brain and ovarian homogenates from the fish at relatively low concentrations, and also competitively bound to the fathead minnow AR. In a reproduction assay, prochloraz reduced fecundity; altered levels of plasma steroid (17ß-estradiol, testosterone, 11-ketotestosterone) and vitellogenin (an estrogen-responsive protein); and induced gonadal histopathology-all effects consistent with the inhibition of enzymes involved in steroidogenesis.
Effects of mixtures of antiandrogenic pesticides and phthalates on sexual differentiation
Although risk assessments are typically conducted on a chemical-by-chemical basis, the 1996 Food Quality Protection Act Law requires the US Environmental Protection Agency to consider cumulative risk from chemicals that act via a common mode or mechanism. To this end, we are conducting studies with mixtures in order to provide a framework for assessing the cumulative in utero effects of antiandrogenic chemicals ). In one set of studies, pregnant rats were dosed with pesticides and toxic substances singly or in pairs at dosage levels equivalent to about one-half the effective dose of each substance, which causes a 50% incidence (ED 50 ) of hypospadias or epididymal agenesis. The chemical pairs include (1) two AR antagonists with no common active metabolite (vinclozolin plus procymidone), (2) two phthalate esters with a common active metabolite (DBP and benzyl butyl phthalate [BBP]), (3) two phthalate esters with different active metabolites (DEHP and DBP; Howdeshell et al. 2007 ), (4) a phthalate ester (DBP) plus procymidone (an AR antagonist), and (5) linuron plus BBP (Hotchkiss et al. 2004) . We predicted that each chemical by itself would induce few (if any) reproductive tract malformations, but that by mixing any two chemicals together, they would induce reproductive tract malformations in about 50% of the males. In addition, we expected similar effects on the androgendependent organ weights. The results indicate that all combinations produced cumulative, apparently dose-additive effects on the reproductive tissues of male rat offspring.
We recently completed a mixture study in which pregnant rats were exposed to four dilutions of a mixture containing vinclozolin, procymidone, linuron, prochloraz, BBP, DBP, and DEHP during the period of sexual differentiation (Rider et al. 2008) . Male offspring were assessed for effects on hormone-sensitive end points, including AGD, infant areolae retention, and reproductive tract tissue weights and malformations. The ratio of the chemicals in the mixture was based upon each chemical's ED 50 for inducing reproductive tract malformations.
The observed responses from the mixture were compared with predicted responses generated with a toxic-equivalency approach and models of dose addition, response addition, or integrated addition. We found that the effects of this mixture in the high-dose groups could not be explained by models of response addition (also referred to as "independent action") or integrated addition. Only the toxic-equivalency approach and dose-addition models provided reasonable predictions of high incidences of hypospadias, undescended testes, and epididymal agenesis. Whereas these malformations were displayed by 80% to 100% of the high-dose group's male rat offspring, response-and integrated-addition models predicted incidences of 0% to 15%. We propose that toxicequivalency or dose-addition models provide the best fit to observed mixture responses because the individual chemicals in the mixture target a common pathway-the androgen signaling pathway-identically by preventing AR-dependent gene activation in the reproductive tract. Therefore, at the tissue level, these chemicals are not acting independently. The mixture disrupted male rat reproductive tract development in a cumulative, dose-additive manner. The current regulatory frameworks for conducting cumulative risk assessments need to consider that chemicals that disrupt the same fetal tissues via the same signaling pathway during sexual differentiation act in a cumulative, dose-additive manner irrespective of the specific cellular mechanism of toxicity.
Conclusion
In conclusion, the critical role of the androgen-signaling pathway in reproduction and development has been well documented and appears to be conserved across many, if not all, species of vertebrates. Further, this pathway is susceptible to disruption by environmental chemicals especially during critical periods of reproductive development. Therefore, continued characterization of the role of androgens in reproductive and other systems is warranted in order to better understand potential adverse effects of chemical disruption of androgen signaling.
